Light is known to trigger regulatory responses in diverse organisms including slime molds, animals, plants, and phototrophic bacteria. However, light-dependent processes in nonphototrophic bacteria, and those of pathogens in particular, have received comparatively little research attention. In this study, we examined the impact of light on multicellular development in Pseudomonas aeruginosa, a leading cause of biofilm-based bacterial 30 infections, using a colony morphology assay. In this assay, P. aeruginosa strain PA14 grown in the dark forms vertical structures (i.e., "wrinkles") on the third day of incubation.
Introduction
Most organisms experience some degree of light exposure, which is habitat-specific and 60 temporally affected by Earth's rotation. Light quality and intensity directly influence the growth of phototrophic bacteria, which are known to regulate gene expression in response to these parameters. However, light can also affect regulation in chemotrophic bacteria, serving as a proxy for correlating conditions such as those found inside animal hosts or at specific depths in freshwater environments (1) . While light-dependent regulation has 65 been described in detail for model phototrophs (1) , similar mechanisms that may function in bacteria that do not use light as a source of energy are understudied.
Some investigation of photosensitivity in chemotrophs has been prompted by the relatively recent identification of light-sensing proteins in diverse non-phototrophic 70 bacteria. In these photosensory proteins, light alters the chemical properties of cofactors, such as flavin or bilin derivatives, and changes in cofactor domains influence interactions with effector domains or other proteins with regulatory functions (2) . Such interactions can induce global changes in gene expression and modulate bacterial development, sociality, and behavior. In the plant pathogen Xanthomonas campestris, for example, red cyclic di-GMP (c-di-GMP), underscoring the potential for light to affect multicellularity and motility (7-11).
The formation of biofilms, multicellular structures held together by an excreted matrix, 85 contributes to virulence in the hospital-acquired pathogen Pseudomonas aeruginosa. A major goal of research in our laboratory is to define the physiological responses of P. aeruginosa biofilms to different growth conditions and the traits that are relevant for host colonization. These studies have led us to examine the metabolism of phenazines, compounds excreted by P. aeruginosa that shuttle electrons from cells in hypoxic biofilm 90 subzones to oxygen available closer to the biofilm periphery (12). Phenazine production balances the intracellular redox state and influences biofilm morphogenesis by inhibiting matrix production (13-15). We have also shown that biofilm-specific phenazine synthesis is required for full virulence in a mouse lung infection model (16) . 95 In the study described here, we investigated the effects of another environmental cuelight exposure-on biofilm development in P. aeruginosa and found that specific wavelengths of light inhibited biofilm structure development. Our results indicate that light, like phenazines, modulates biofilm formation via c-di-GMP-dependent mechanisms. We propose a model for the integrated roles of cellular redox state and c-di-GMP in the 100 response of P. aeruginosa biofilms to light.
Results & Discussion

105
Light delays wrinkling in P. aeruginosa PA14 colony biofilms
We use a standardized colony morphology assay to study the physiology of biofilm development in P. aeruginosa PA14 (15, 17) . In this assay, liquid-culture aliquots are spotted onto an agar-solidified medium containing tryptone and the dyes Congo red and Coomassie blue, and incubated under controlled conditions in the dark. On the third day 110 of growth, i.e., at ~66-72 hours, wild-type PA14 biofilms form a circular ridge at the boundary of the original culture droplet. Over the next 24-36 hours, a whorled wrinkle pattern forms inside this ridge, and short spoke-like wrinkles form that emanate from the ridge toward the edge of the colony (Fig. 1A, top ; Movie S1 & S2) (15) . To test the effect of light on PA14 biofilm development, we grew wild-type biofilms under white broad-115 spectrum light at ~16 µmol photons m -2 s -1 or ~3.7 W m -2 , an intensity that is roughly an order of magnitude lower than that of sunlight on a winter day in Northern Europe (18).
We found that biofilm wrinkling was delayed by ~60 hours under these conditions ( Fig. 
1A, top; Movie S3 & S4)
and that the biofilms appeared to bind less Congo red, suggesting that they produced less matrix (17). 120 P. aeruginosa PA14 biofilm wrinkling is a consequence of matrix excretion, which is stimulated by the cellular signal c-di-GMP (19, 20). To examine whether the effect of light on biofilm structure formation might be mediated by c-di-GMP, we measured c-di-GMP levels in biofilms grown in the presence and absence of broad-spectrum white light ( Fig.   125 1A, bottom). Biofilms grown under light showed lower c-di-GMP levels than those grown in the dark, suggesting that the effect of light exposure on biofilm development is mediated by pathways that control c-di-GMP levels.
Next, we tested whether the intensity or quality of light affected the onset of biofilm 130 wrinkling by subjecting biofilms to a range of intensities of white broad-spectrum light, or growing them under distinct light spectra, and carrying out time-lapse imaging. Biofilms grown at a white broad-spectrum light intensity of ~3.5 µmol photons m -2 s -1 showed a delayed, intermediate onset of wrinkling, while most of those grown at intensities of ~7 µmol photons m -2 s -1 and higher did not wrinkle until the end of the experimental timeframe 135 at ~130 hours ( Fig. 1B) . Biofilms grown under blue light showed a pronounced inhibition of wrinkling, while those grown under red or far-red light showed minor delays in onset of wrinkling ( Fig. 1C) . Together, these results support a model in which blue light promotes c-di-GMP degradation and/or inhibits c-di-GMP synthesis, thereby inhibiting matrix production and promoting biofilm smoothness.
140
The phenazine pyocyanin is required for pronounced inhibition of biofilm wrinkling in the presence of light
Phenazine production is a key factor that determines the morphogenetic development of PA14 colony biofilms (21). In P. aeruginosa, the phenazine biosynthetic pathway yields 145 phenazine-1-carboxylic acid (PCA), phenazine-1-carboxamide (PCN) and pyocyanin (PYO) ( Fig. 2A) . 5-methylphenazine-1-carboxylic acid (5-Me-PCA) is an unstable intermediate between PCA and PYO that can be non-enzymatically converted to other methylated derivatives, such as aeruginosins, under distinct conditions (21-27). When grown in the dark, phenazine-null (∆phz) biofilms show a much earlier onset of wrinkling, 150 at ~40 hours of incubation, than those formed by the wild type ( Fig. 2B ; Movie S1 & S2)(15, 28) . We have previously shown that the natural phenazines 5-Me-PCA and PYO and the synthetic phenazine PMS are all sufficient to inhibit PA14 biofilm wrinkle formation in the absence of light (21, 28). Therefore, it is specifically methylated phenazines that inhibit wrinkling in the dark. 155 Because specific phenazines critically affect the morphogenesis of PA14 biofilms grown in the absence of light, we sought to test the hypothesis that they contribute to the lightdependent effects on biofilm development. We grew phenazine biosynthetic mutants in the presence and absence of light and monitored the onset of biofilm wrinkling using time-160 lapse imaging. We observed that pronounced light-dependent inhibition of wrinkling required PYO production ( Fig. 2B ; Movies S3 & S4). The ∆phzS mutant showed no effect of light on the onset of wrinkling, which indicates that 5-Me-PCA and its derivatives other than PYO are not sufficient to mediate the light-dependent delay in wrinkling seen in the wild type. 165 To test whether PYO alone is sufficient to mediate light-dependent inhibition of biofilm wrinkling, we grew a ∆phz∆phzHMS mutant, which is not able to produce or modify phenazines, on medium containing either of the exogenously provided phenazines PCA, PCN, or PYO. We found that PYO is sufficient to inhibit wrinkling in the presence of light 170 ( Fig. 2C) . ∆phz∆phzHMS biofilms grown under all other conditions, including those grown in the absence of phenazines, showed minor, reproducible effects of light on colony morphology; most notably, light appeared to cause a "smoothing" of the outer rim of the biofilm. However, none of these effects were as dramatic as that of PYO. These results suggest that, although 5-Me-PCA production is sufficient to delay the onset of wrinkling 175 in biofilms grown in the dark, the delay caused by light is specifically mediated by PYO.
In addition to their differences in stability and redox potential, 5-Me-PCA and PYO differ in charge and hydrophobicity, properties that may affect their reactivity with bound cofactors such as flavins and that may account for their differential roles in dark-and lightgrown biofilms (21).
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Growth in the light does not affect PYO production or redox state
Prior work from our group has shown that, in the absence of light, oxidized phenazines and/or their effects on the cellular redox state promote c-di-GMP degradation and thereby inhibit biofilm wrinkling (13). We therefore wondered whether an increased abundance or 185 a more oxidized redox state of phenazines could be responsible for the effect of light on PA14 biofilm morphogenesis. We measured phenazine production by wild-type PA14 biofilms grown in the presence and absence of light and found that light exposure did not enhance phenazine production ( Fig. 3A) ; thus, the effect of light on PA14 colony development cannot be attributed to an increase in phenazine concentration. 190 To test whether light exposure affects the redox state of phenazines in PA14 biofilms, we employed reporter strains in which gfp expression is controlled by the promoter found upstream of mexG. The mexGHI-opmD operon is driven by SoxR, a redox-sensitive transcription factor that is directly activated by oxidized phenazines (29-31). When we grew PmexG-gfp reporter strains in liquid cultures, we found that growth in the presence of light had no effect on fluorescence (Fig. 3B) . The ∆phz control strains showed substantially lower levels of fluorescence, consistent with the role of phenazines in activating SoxR and mexGHI-opmD expression. We conclude that light exposure does not affect the redox state of phenazines in PA14.
200
Biofilms grown with light exposure show PYO-independent lowering of c-di-GMP levels
Prior work from our group has linked oxidized phenazines to c-di-GMP degradation and inhibition of biofilm wrinkling (13). Our observations that c-di-GMP levels are lower in light-205 exposed PA14 biofilms and that PYO is the primary determinant of light-dependent inhibition of wrinkling raised the question of whether PYO is required for the effects of light on c-di-GMP levels. c-di-GMP measurements performed on ∆phz biofilms grown in the dark and the light showed that overall c-di-GMP levels were higher for both conditions than they were for wild-type biofilms grown under either condition (Fig. 3C , bottom and 210 D). However, they also revealed that c-di-GMP levels were lower in light-exposed than in dark-grown ∆phz biofilms, indicating a phenazine-independent mechanism that either inhibits c-di-GMP synthesis or stimulates c-di-GMP degradation in response to light. The subtle effect of light on ∆phz biofilm morphogenesis, i.e., slightly less wrinkle formation and smoothing of the biofilm edge (Figure 3C , top; Movie S1-S4), may be attributable to integrated, within the P. aeruginosa regulatory network, at the point of c-di-GMP synthesis or degradation activities and thereby regulate biofilm formation. 220
Phosphodiesterases (PDEs) contribute to the light-dependent delay in biofilm structure formation
Cellular c-di-GMP levels are modulated by diguanylate cyclases (DGCs), which synthesize c-di-GMP, and phosphodiesterases (PDEs), which degrade it (32). The P. 225 aeruginosa genome encodes 40 proteins with domains implicated in DGC or PDE activity (13, 33, 34). To identify proteins that could link light sensing to modulation of c-di-GMP levels and therefore biofilm matrix production ( Fig. 4A) , we screened mutants representing each of these proteins for light-dependent inhibition of biofilm wrinkling. We found four mutants that showed attenuated responses to light when compared to the wild 230 type ( Fig. 4B ; Movie S5-S8). All four of the proteins represented by these mutants contain tandem GGDEF-EAL domains. GGDEF domains have the potential for DGC activity, while EAL domains have the potential for PDE activity. Proteins with tandem GGDEF-EAL domain arrangement typically exhibit PDE activity in vivo because their GGDEF domains often contain a divergent motif that is catalytically inactive (35). 235 The first protein represented by our screen hits, RmcA, is an exception among GGDEF-EAL domain proteins because its GGDEF and EAL motifs are both intact. In previous studies examining the role of RmcA in sensing phenazines and inhibiting biofilm wrinkling in the dark, we obtained evidence suggesting that this protein functions predominantly as 240 a PDE but that it has DGC activity that could operate under distinct conditions (13). RmcA also contains four Per-Arnt-Sim (PAS) domains at the N-terminus. PAS domains are broadly distributed throughout the tree of life and are frequently involved in sensing stimuli (34, 36) . Some of the best-known examples of PAS domain-containing proteins mediate behavioral responses to changes in light exposure, oxygen availability, or the cellular 245 redox state (1, 8, (37) (38) (39) (40) . Based on sequence analysis and modeling, we have suggested that the four PAS domains, in order from the N-terminus, could bind 1) phenazine, 2) lipid, 3) heme, and 4) FAD, respectively (13, 34). The capacity for heme and FAD binding is of interest because porphyrins and flavins are critical elements of photosensing in diverse systems (2) . Our group has also previously reported an in vitro characterization of RmcA's 250 ability to bind phenazines, which (based on a one-site binding model) indicated binding affinities (Kd's) of 3 µM, 6 µM, and 16 µM for PYO, phenazine methosulfate, and PCA, respectively. In this study, RmcA-deficient mutants showed a marked attenuation of the effect of light when compared to wild type. We also noted that these mutants showed less of an effect, qualitatively, on the overall pattern of wrinkling in response to light when 255 compared to the wild type and other screen hits (Movies S5 & S7). Together, these observations suggest RmcA as one of the primary mediators linking photosensing to cdi-GMP degradation in P. aeruginosa.
Our screen identified three additional proteins with tandem GGDEF-EAL domains. In 260 each of these proteins, the GGDEF motif is not intact, indicating that they function as PDEs in vivo which is consistent with published observations (13, 35, 41, 42). DipA contains an N-terminal PAS-GAF-PAS domain architecture reminiscent of the PAS-GAF-PHY arrangement that has been described for phytochromes that act as light-sensing regulatory proteins in diverse phototrophs (43). BifA and PA14_69900 are not known to 265 contain sensory domains and may interact with other photosensory proteins that modulate their activities.
Concluding remarks. The results of this study suggest that integrated information regarding redox and light conditions modulates wrinkle development in PA14 biofilms. 270 We observed that exposure to phenazines, which oxidizes the cellular redox state, and blue light exposure lead to lower c-di-GMP levels ( Fig. 4C, left panel) and that their cumulative effect profoundly delays the onset of biofilm structure formation ( Fig. 4C) . In flavoproteins that respond to blue light, high photosensitivity requires that the cofactor be in its oxidized state (44, 45). We speculate that the chemical properties of PYO specifically 275 allow it to modulate the redox states of cellular flavoproteins such that the majority are present in their oxidized forms and that those with the capacity for light sensing therefore show enhanced activity. Electron transfer to PYO has been demonstrated for the flavoprotein dihydrolipoamide dehydrogenase (46). In addition, synthetic phenazines were employed and necessary in experiments demonstrating that the cytoplasmic redox 280 potential can shift the photosensitivity of the light-sensing kinase LovK from C. crescentus (47, 48) . It is intriguing that PYO was unique among the P. aeruginosa phenazines in its capacity to potentiate light-dependent effects on biofilm morphogenesis (Fig. 2C) . This finding, in combination with the fact that an RmcA-deficient mutant showed marked attenuations in these effects ( Fig. 2C and Movies S5 & S7) and that PYO showed the 285 highest affinity for RmcA in previous binding studies (13), suggests the potential for RmcA to sense light in a PYO-dependent manner. We speculate that RmcA integrates phenazine-dependent light and redox signals and transduces this information into regulation of biofilm development in PA14. 290 In addition to revealing the critical role of PYO in the effect of light on PA14 biofilm development, our observations suggest that this inhibition of wrinkling is mediated via the cellular signal c-di-GMP. Figure 4C (right-hand panel) illustrates the relationships between light, redox conditions, and c-di-GMP levels we observed for WT and ∆phz biofilms in this study. Oxidation of the cellular redox state, a consequence of phenazine 295 production (14, 15), accounts for a larger relative decrease in c-di-GMP levels than light exposure. Nevertheless, the combined effects of phenazine production and light exposure yield a remarkably low level of c-di-GMP that is manifested as an extreme delay in biofilm structure formation. These results show that P. aeruginosa integrates distinct environmental and physiological cues to regulate multicellular behavior. We note that our 300 c-di-GMP measurements were performed on extracts from whole biofilms, meaning that differences in c-di-GMP levels between subpopulations within biofilms could not be discerned. This may explain why changes in c-di-GMP levels were most consistent with effects on morphology in mature biofilms, but less so in early biofilms (i.e., compare Fig.   1A and 3C) . 305 Recently, studies of photodynamic therapy (PDT) have revealed light, simultaneously applied with antibiotics, as a potentiator of biofilm infection eradication (49) (50) (51) . Our finding that PYO, also classified as an antibiotic (52) , in conjunction with light diminishes biofilm integrity is consistent with the notion that an oxidizing environment, which is often created as a result of antibiotic treatment, and light together enhance remediation of biofilm-based infections. From the perspective of bacterial physiology, changes in light intensity can accompany changes in other environmental parameters, such as nutrient availability, and chemotrophs could therefore benefit from using light as a proxy signal for conditions that directly affect their own survival. Furthermore, because eukaryotic host 315 organisms show physiological fluctuations that are tuned to light/dark cycling, it makes sense for pathogenic bacteria to monitor light cues that correlate with these changes, for example variation in immune responses depending on the time of day (53) . Finally, a change in light intensity has been speculated to serve as a proxy signal for entry into the host, allowing pathogens to trigger mechanisms of colonization and virulence 320 appropriately (54-57). For these reasons, and because biofilm formation and maintenance are critical components of many types of infections caused by P. aeruginosa, the identification of proteins and small molecules that confer photosensitivity in P. aeruginosa biofilms as described here constitutes an initiative toward better understanding and treating host colonization by this bacterium.
Materials and Methods
Bacterial culture and colony morphology assay 330 Bacterial strains used in this study are listed in Table S1 . For colony morphology assays, 1% tryptone + 1% agar was autoclaved, cooled to 60 ˚C, and 40 µg/mL Congo red (Alfa Aesar) and 20 µg/mL Coomassie blue (OmniPur, MilliporeSigma) dyes were added to the medium. The mixture was poured into 100 mm×100 mm×15 mm plates (LDP), 60 mL per plate, and left to cool and solidify overnight (14 to 24 h) at room temperature (25 ˚C). 335 Overnight liquid cultures were grown in lysogeny broth (LB) at 37 ˚C with shaking at 250 rpm for 12 to 16 h. Overnight cultures were diluted 1:100 in fresh LB and subcultures were grown to mid-exponential phase (0.4 AU to 0.6 AU at OD500). Colony biofilms were seeded by spotting 10 µL of this bacterial subculture onto colony morphology medium. 
Colony morphology assay under light exposure
Colony morphology assay was prepared as described above and colony biofilms were incubated in a Percival CU-22LC9 incubator with a built-in lighting system. For all experiments, except for the light titration experiment (Fig. 1B) and light source experiment (Fig. 1C) , white light exposure (bulbs: F17T8/TL841/ALTO, Philips) was calibrated to 16.5 µmol photons m -2 s -1 (7.35 µmol photons m -2 s -1 in the movie chamber). Light titration points (Fig. 1B) 
Colony morphology assay with exogenous phenazines
Colony morphology assay medium was prepared as described above and amended with 395 200µM phenazine-1-carboxylic acid (PCA, Apexmol), phenazine-1-carboxamide (PCN, Apexmol) or pyocyanin (PYO, Cayman Chemicals). The resulting medium was poured into 100 mm×100 mm×15 mm plates (LDP), 60 mL per plate, and left to cool and solidify overnight (14 to 24 h) at room temperature in the dark. 400 
Quantification of phenazine production
Colony morphology agar was prepared as described above and 4 mL of the mixture were poured into 35 mm×10 mm round Petri dishes (25373-041, VWR)and left to cool and solidify overnight (14 to 24 h) at 25 ˚C. Ten microliters of subcultures of WT PA14, grown as described above, were spotted onto a Petri dish containing colony morphology medium 405 and grown for 96 h under either white light or dark conditions. Phenazines were harvested from each biofilm and the agar, upon which it was grown by methanol extraction: agar and biofilm were disrupted with a spatula and transferred to 5 mL of 100% methanol in a 15 mL polypropylene conical tube, and phenazines were extracted overnight in the dark, with constant agitation on a nutator. Three hundred microliters of extracted phenazine 410 mixture were applied to a Spin-X column with 0.22 µm filter (VWR 29442-754) and centrifuged at 16,873×g for 5 min and 200 µL of flow-through was transferred to a sample vial. Concentrations of PCA, PCN and PYO were determined by high-performance liquid chromatography (1100 HPLC System, Agilent) using a method as described in (12, 21).
Sample peaks were compared to peaks of pure phenazine standards for PCA, PCN and 415 PYO, and the area under each peak was used to evaluate the concentration of each phenazine. For each condition, n=10.
Construction of PmexG-gfp reporter strains
Transcriptional reporters of SoxR-driven mexG expression were constructed by 420 transforming plasmid pLD2726 (58) into Escherichia coli S17-1 and moved into PA14 WT and ∆phz by conjugation as described in (59). The plasmid backbone was resolved out using FLP recombinase, introduced on plasmid pFLP2, and counterselected on sucrose plates as described in (59).
425
Growth curve assay with phenazine oxidation state reporters
Overnight precultures of reporters (WT attB::PmexG-gfp and ∆phz attB::PmexG-gfp)
were grown in 1% tryptone medium at 37 ˚C, shaking at 250 rpm, for 14 h. Overnight cultures were diluted 1:100 in fresh 1% tryptone medium and grown to mid-exponential phase (0.4 AU at OD500). Two identical assay plates were prepared simultaneously: 430 cultures for the assay were started by inoculating 2 µL of subculture (in technical triplicate) into 200 µL of 1% tryptone per well in a black, flat-bottomed 96-well plate (655097, Greiner Bio); each strain was inoculated in biological triplicate. Both 96-well plates were placed in a 37 ˚C incubator with shaking at 300 rpm, one plate was placed under a dark box, while the other plate was exposed to white LED lights (22.8 µmol photons m -2 s -1 ). 435 Cell density (OD500) and reporter expression (fluorescence at 480 nm excitation, 510 nm emission) were measured in a plate reader (BioTek) every hour for the first six hours and every two hours for the next 18 hours. Analysis was performed by normalizing each fluorescence value to the corresponding growth value, averaging the technical replicates, followed by averaging the biological replicates.
Statistical analysis
All statistical analyses were performed for at least three biological replicates per condition.
p-values were determined using unpaired two-tailed t-test, in most cases by comparing data from light condition to data from dark condition (*p≤0.05, **p≤0.01, ****p≤0.0001, n.s. 445 = not significant). For light titration experiment (Fig. 1B) , p-values were determined, comparing data from light level of interest to data from next highest light level (****p≤0.0001, n.s. = not significant). 
